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ABSTRACT: Islet amyloid deposits are a characteristic pathological hallmark of type 2 diabetes mellitus.
Islet amyloid polypeptide (IAPP), also referred to as amylin, aggregates in the islet extracellular space to
form amyloid deposits in up to 95% of patients with the disease. IAPP is stored with insulin inâ-islet
cells and is processed in parallel by subtilisin-like prohormone convertases prior to secretion. There is
indirect evidence that normal processing of the prohormone precursor, proIAPP, at the N-terminal cleavage
site is defective in type 2 diabetes and results in secretion of an N-terminal extended proIAPP intermediate.
The N-terminal flanking region of proIAPP is detected in amyloid deposits; however, the C-terminal
flanking region is not. Immunohistochemical studies implicate the presence of the heparan sulfate
proteoglycan (HSPG) perlecan in islet amyloid deposits, suggesting a role for HSPGs in mediating amyloid
deposition in type 2 diabetes and implicating a binding domain in the N-terminus of proIAPP. Initial
studies of proIAPP indicated that the HSPG binding region is contained within the first 30 residues.
Here, we characterize the potential HSPG binding site of proIAPP in detail by analyzing a set of peptide
fragments. Binding is tighter at low pH due to protonation of histidine residues. Deletion studies show
that Arg-22 and His-29 play a role in binding. Reduction of the Cys-13 to Cys-18 disulfide leads to a
noticeable decrease in binding. We demonstrate the ability of heparan sulfate to induce amyloid formation
in N-terminal fragments of proIAPP. The oxidized peptide forms amyloid more rapidly than the reduced
variant in the presence of heparan sulfate, but the reduced peptide ultimately forms more extensive amyloid
deposits. The potential implications for islet amyloid formation in vivo are discussed.

Type 2 diabetes mellitus, formerly referred to as non-
insulin-dependent diabetes mellitus, is a progressive meta-
bolic disease that occurs widely among the elderly and is
quickly becoming a worldwide epidemic in children and
obese individuals (1, 2). Type 2 diabetes arises from a
deficiency in insulin secretion due to loss ofâ-cell mass, as
well as insulin resistance and defects in insulin action. Islet
amyloid polypeptide (IAPP)1 is colocalized with insulin in
â-islet cells of the pancreas and cosecreted with insulin in
response to various stimuli, predominantly blood glucose
levels (3-6). It is a normally soluble 37-residue polypeptide
hormone and although its functions are not clearly under-
stood, it is believed to play a role in suppression of food
intake (7, 8), gastric emptying (8), and glucose homeostasis
(9-11). In type 2 diabetes, IAPP aggregates in the islet
extracellular space to form amyloid deposits in up to 95%
of patients with the disease (12-14). Studies have shown
that the extent of amyloid deposition correlates with the
severity of the disease in patients, suggesting a relationship

between IAPP deposition in the pancreas and the progression
of type 2 diabetes (15, 16).

Insulin and IAPP are synthesized byâ-cells as their
prohormone precursors, proinsulin and proIAPP, respectively
(3). Prior to cosecretion, both prohormones are processed in
parallel by the action of subtilisin-like prohormone conver-
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1 Abbreviations: BSA, bovine serumR-lactoalbumin; CGRP, cal-
citonin gene-related peptide; CD, circular dichroism spectroscopy;
DIPEA, N,N-diisopropylethylamine; DMF,N,N-dimethylformamide;
Fmoc, 9-fluorenylmethoxycarbonyl; HBTU,O-benzotriazol-1-yl-
N,N,N′,N′-tetramethyluronium hexafluorophosphate; hIAPP12-22, peptide
corresponding to residues 12-22 of human pro-islet amyloid polypep-
tide containing a disulfide bridge between cysteine-13 and cysteine-
18; HOBT, N-hydroxybenzotriazole monohydrate; HPLC, high-
performance liquid chromatography; HSPGs, heparan sulfate proteo-
glycans; IAPP, islet amyloid polypeptide; MALDI-TOF MS, matrix-
assisted laser desorption ionization-time of flight mass spectrometry;
MES, 2-morpholinoethanesulfonic acid; mS, milliseimens; ox-pro-
IAPP1-30, oxidized proIAPP1-30; ox-proIAPP1-30/HSPG, oxidized
proIAPP1-30 with heparan sulfate; PAL-PEG, 5-(4′-Fmoc-aminomethyl-
3′,5-dimethoxyphenyl)valeric acid; PC2, subtilisin-like prohormone
convertase enzyme 2; PC(1/3), subtilisin-like prohormone convertase
enzyme 1/3; proIAPP, pro-islet amyloid polypeptide; proIAPP1-12,
peptide corresponding to residues 1-12 of human pro-islet amyloid
polypeptide; proIAPP1-22, peptide corresponding to residues 1-22 of
human pro-islet amyloid polypeptide; proIAPP1-30, peptide correspond-
ing to residues 1-30 of human pro-islet amyloid polypeptide;
proIAPP12-22, peptide corresponding to residues 12-22 of human pro-
islet amyloid polypeptide; red-proIAPP1-30, reduced proIAPP1-30; red-
proIAPP1-30/HSGP, reduced proIAPP1-30 with heparan sulfate; TEM,
transmission electron microscopy; TFA, trifluoroacetic acid; v/v, volume
to volume.
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tases PC2 and PC(1/3) withinâ-cell secretory granules (17,
18). Normal processing of proIAPP, a 67-residue polypep-
tide, into the mature 37-residue IAPP polypeptide requires
cleavage of two flanking fragments at N-terminal and
C-terminal sites (17). The sequence of proIAPP and the
locations of the cleavage sites are indicated in Figure 1.
Recent studies have concluded that PC(1/3) is responsible
for processing proIAPP at the C-terminal flanking region
but not at the N-terminal flanking region (19). On the other
hand, PC2 can completely process proIAPP to mature IAPP
by cleaving at both the N-terminal and C-terminal sites,
although cleavage at the C-terminal site is preferred by PC-
(1/3) (19). Loss of or defective processing by PC2 results in
secretion of an improperly processed N-terminally extended
proIAPP intermediate (20, 21). Immunohistochemical in-
vestigation of islet amyloid deposits verifies the presence of
the N-terminal flanking region of proIAPP but not the
C-terminal flanking region (22-24). Heparan sulfate, a
component of the basement membrane and extracellular
matrix of â-cells (25), is also present in amyloid deposits,
suggesting that it might play an important role in amyloidosis
(22, 26). Proteoglycans, particularly perlecan, have been
implicated in virtually all human amyloid diseases including
Alzheimer’s disease, familial amyloidosis, and type 2
diabetes (25, 27-33).

HSPGs are ubiquitously expressed on various cell mem-
branes and have been suggested to serve as scaffolds in
amyloidosis whereby they stabilize and perhaps induce
amyloid formation and protect against proteolysis (27, 30,
31). The presence of the N-terminal proIAPP flanking region
in islet deposits (22) suggests that the HSPG binding site is
located at the N-terminus of proIAPP. Identification of the
binding site in the N-terminus of proIAPP is important since
it could aid in the development of new inhibitors of islet
amyloidosis.

Heparin, another glycosaminoglycan, has a carbohydrate
backbone composition identical to heparan sulfate and is
frequently used as a model for tissue heparan sulfates (34).
Mature IAPP has been shown to bind both heparin and
heparan sulfate equally, although this interaction may be due
to the peptide’s aggressive nature to aggregate (28, 35).
Important studies by Park and Verchere demonstrated that a
30-residue peptide corresponding to the N-terminus of
proIAPP bound heparin relatively well and that heparin was
a valid model for perlecan. Their work also established the
importance of a set of basic residues at positions 10, 11,
and 12 for binding (36). The numbering system used in this
work corresponds to that used for proIAPP; thus, Lys-12 is
the first residue of the mature hormone. Binding at pH 5.5
was observed to be stronger than at pH 7.4, suggesting a
potential role for one or more of the histidines located in
the peptides (36). Here, we characterize the binding site in
the N-terminus of proIAPP in detail and examine the role
of His-6, His-29, and Arg-22 in heparin affinity. We also
demonstrate an important role for the Cys-13/Cys-18 disul-
fide bridge in heparin binding and show for the first time
that heparan sulfate can induce amyloid formation by
fragments that contain the N-terminal pro region of IAPP.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Purification.Peptides were synthe-
sized on a 0.25 mmol scale using an Applied Biosystems
433A peptide synthesizer, via 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry. Solvents used were ACS grade. Reagents
were purchased from Advanced Chemtech, PE Biosystems,
Sigma, and Fisher Scientific. Use of a PAL-PEG resin
afforded an amidated C-terminus. Standard Fmoc reaction
cycles were used. The first residue attached to the resin, all
â-branched residues, and all residues directly following a
â-branched residue were double coupled. The crude peptides
were purified via reverse-phase HPLC using a Vydac C18

FIGURE 1: (A) Primary sequence of the 67-residue human proIAPP. The mature 37-residue human IAPP is in bold. The naturally occurring
protein has a disulfide bridge between Cys-13 and Cys-18 as shown. Positively charged residues are indicated with a+ symbol. Cleavage
occurs at two dibasic sites indicated by arrows: Lys10-Arg11 at the N-terminus and Lys50-Arg51 at the C-terminus. The new C-terminus is
further processed, resulting in an amidated Tyr at the C-terminus of mature IAPP. Note that the residues in all of the peptides are numbered
according to their positions in full-length proIAPP. (B) ProIAPP1-12. (C) Oxidized proIAPP1-22. (D) Oxidized proIAPP1-30. (E) prohIAPP12-22.
The disulfide bridge between Cys-13 and Cys-18 is depicted by solid lines. All peptides have an amidated C-terminus.
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preparative column. A two-buffer system was utilized. Buffer
A consisted of H2O and 0.045% HCl (v/v). Buffer B
consisted of 80% acetonitrile, 20% H2O, and 0.045% HCl
(v/v). All peptides were analyzed by MALDI-TOF MS to
confirm their identity.

Peptide Oxidation. Selective intramolecular disulfide bond
formation was achieved by air oxidation or by oxidation with
DMSO (37). For air oxidation, purified reduced peptide was
dissolved in 100µL of 5 M guanidine hydrochloride. The
sample was diluted with 200 mM Tris-HCl buffer at pH 8.5
((0.3) to give a peptide concentration of 10µM in 125 mM
guanidine hydrochloride. The solution was continuously
stirred and exposed to air. For oxidation by DMSO, peptide
was dissolved in 100% DMSO and allowed to stand at room
temperature for a minimum of 5 h. The reactions were
monitored by reverse-phase HPLC using a Vydac C18
semipreparative column. Disulfide formation was confirmed
by analysis of the monoisotopic distribution via MALDI-
TOF MS.

Heparin-Affinity Chromatography.Low molecular weight
heparin-agarose was purchased from Sigma-Aldrich. A 12
mL column of heparin-agarose was equilibrated with the
appropriate buffer. Buffers utilized were either 20 mM MES
at pH 5.5 ((0.3) or 20 mM Tris-HCl at pH 7.4 ((0.3).
Approximately 0.5-2.0 mg of peptide was dissolved in 1
mL of buffer and loaded onto the column. The column was
washed with 5 column volumes of buffer followed by a 0-1
M NaCl gradient with a flow rate of 1.5 mL/min. The elutant
was collected in 5 mL fractions, and the absorbance (at 220
nm) and conductivity (mS/cm) of each fraction were
measured and recorded.

Sample Preparation for Biophysical Studies.Biophysical
studies utilized peptide samples derived from the same stock
solution in order to ensure the same conditions in all
experiments. Circular dichroism, transmission electron mi-
croscopy, and thioflavin-T binding studies were all conducted
using identical conditions. A 6.8 mM peptide solution of
oxidized proIAPP1-30 was prepared in distilled, deionized
H2O and adjusted to pH 7.4 ((0.3) using NaOH. Four
different solutions were prepared immediately by transferring
aliquots of the peptide stock into (1) 20 mM Tris-HCl, (2)
a heparan sulfate solution (2 mg/2.2 mL) prepared with 20
mM Tris-HCl, (3) 20 mM Tris-HCl and 3.4 mM DTT, and
(4) a heparan sulfate solution (2 mg/2.2 mL) prepared with
20 mM Tris-HCl and 3.4 mM DTT. These solution condi-
tions afforded (1) oxidized proIAPP1-30 (ox-proIAPP1-30),
(2) oxidized proIAPP1-30 with heparan sulfate (ox-proIAPP1-30/
HSPG), (3) reduced proIAPP1-30 (red-proIAPP1-30), and (4)
reduced proIAPP1-30 with heparan sulfate (red-proIAPP1-30/
HSGP) stock solutions, respectively. All four solutions were
incubated at room temperature for 89 days and contained
1.4 mM peptide, 53.8µM heparan sulfate, and 16.6 mM Tris-
HCl at pH 7.4 ((0.3).

Circular Dichroism Spectroscopy. CD experiments were
performed using an Aviv Model 62A DS circular dichroism
spectrometer. To determine whether the Cys-13 to Cys-18
disulfide bridge has a role in heparan binding and whether
heparan binding induces peptide secondary structure, both
oxidized and reduced peptide states were monitored in the
presence and absence of heparan sulfate. The peptide
concentration of the stock solutions is too high to allow CD
measurements; thus immediately before the wavelength

scans, aliquots of the peptide solutions were diluted into
respective buffers, for a final peptide concentration of 70.7
µM in 19.8 mM Tris-HCl and 2.7µM heparan sulfate at pH
7.4 ((0.3). Amyloid formation and fibril dissociation are
slow for this system; thus the experimental protocol provides
an accurate readout of the state of the stock solutions. Far-
UV CD experiments were performed using a 0.1 cm quartz
cuvette. Wavelength scans were taken at 25°C with a
minimum of five repeats. Spectra were recorded over a range
of 190-250 nm at 1 nm intervals with an averaging time of
3 s. Background spectra were subtracted from collected data.

ThioflaVin-T Fluorescence.Thioflavin-T binding assays
were used to detect the presence of amyloid. Fluorescence
emission spectra were measured on a Jobin Yvon Horiba
fluorescence spectrophotometer at an excitation wavelength
of 450 nm and emission wavelength of 482 nm. The
excitation and emission slits were set at 5 and 10 nm,
respectively. A 1.0 cm cuvette was used. All thioflavin-T
binding experiments were performed by diluting 75µL of
the peptide stock solution (prepared as described above) into
Tris-HCl buffers containing thioflavin-T immediately prior
to the measurements. Final solution conditions were 19.8
mM Tris-HCl and 25µM thioflavin-T at pH 7.4 ((0.3). The
total peptide concentration was 70.7µM in the presence or
absence of 2.7µM heparan sulfate. The solutions were stirred
during the fluorescence measurements in order to maintain
homogeneity. Note that the fluorescence studies were
conducted from the same stock solution that was used for
CD measurements. As a control, we also monitored the
fluorescence of thioflavin-T in heparan sulfate solutions
without peptide. The profiles showed a fluorescence intensity
that extended to 472 nm; therefore, we reported our
fluorescence measurements at wavelengths greater than 472
nm to reflect only the peptide-dye interactions.

Transmission Electron Microscopy.TEM was performed
at the University Microscopy Imaging Center or Life Science
Microscopy Center at the State University of New York at
Stony Brook. Peptide solutions were incubated at pH 7.4
((0.3) as described above. A 4µL aliquot of the peptide
solution was placed on a carbon-coated Formvar 200 mesh
copper grid and negatively stained with either saturated
uranyl acetate or phophotungstic acid. The TEM experiments
used the same stock solutions that were employed for the
CD and thioflavin-T fluorescence studies.

RESULTS AND DISCUSSION

Design of Peptides.A set of five peptides derived from
the N-terminal region of human proIAPP were synthesized
and characterized. The sequences of the peptides are listed
in Figure 1. All peptides were prepared with an amidated
C-terminus in order to avoid introducing an additional
charged group, and the N-terminus was left free. The residues
in all of the peptides are numbered according to their
positions in full-length proIAPP. The first peptide comprises
the first 12 residues of human proIAPP. This peptide contains
the entire N-terminal proIAPP flanking region, the first
residue of mature IAPP (Lys-12), and is designated
proIAPP1-12. This peptide was designed to determine if the
Lys10-Arg11-Lys12 motif is the minimal requirement for
heparin binding. The total net charge of this peptide can be
varied from+5 at low pH where the Glu’s are protonated
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to between +1 and +3 at extracellular pH (pH 7.4)
depending upon the exact pKa’s of the N-terminus and His-
6. The second peptide consists of the first 22 residues of
human proIAPP, comprising the entire N-terminal proIAPP
flanking region and the first 11 residues of mature human
IAPP. It is denoted proIAPP1-22. The net charge of this
fragment ranges from+4 at the lowest pH studied (5.5) to
between+2 and+4 at pH 7.4. The third peptide, designated
proIAPP1-30, is identical to the 30- residue N-terminal
proIAPP fragment initially characterized by Park and Verchere
(36). The net charge on this fragment will be+5 at the lowest
pH studied (5.5) and will be+2 at pHs above the pKa of
both the histidines and N-terminus, but below the pKa of
the lysines. Comparison of proIAPP1-12, proIAPP1-22, and
proIAPP1-30 allows us to probe the role of Arg-22 and His-
29 in HSPG binding (36). ProIAPP contains an intramo-
lecular disulfide between Cys-13 and Cys-18. Consequently,
we studied the oxidized and reduced forms of both
proIAPP1-22 and proIAPP1-30 in order to examine the role
of the disulfide bridge in heparan binding. The last peptide
designed, hIAPP12-22, comprises the first 12 residues of
mature human IAPP, which are residues 12-22 of proIAPP.
The Cys-13 to Cys-18 disulfide bridge is present, and the
net charge is+3 when the N-terminus is protonated.

Analysis of Heparin Binding.Heparin-affinity chroma-
tography was used to probe the ability of the various peptides
to bind heparin. Elution profiles are reported as absorbance
vs conductivity. Bovine serumR-lactoalbumin (BSA) and
hen lysozyme were tested as controls for nonspecific heparin
binding. BSA is known not to bind to heparin, and both BSA
and lysozyme have previously been used as controls in
studies of proIAPP fragments (36). Both proteins eluted in
the void volume. Analyses of the proIAPP1-30 and proIAPP1-22

fragments directly demonstrate an important role for the
disulfide bond. The respective reduced peptides elute at lower
conductivity values than their oxidized counterparts at both
pH 5.5 ((0.3) and pH 7.4 ((0.3) (Figure 2).

The retention of both fragments by heparin is higher at
the lower pH (Figure 3). The pKa of the N-terminus of these
peptides is not known, and it may partially titrate over this
range. ProIAPP1-22 contains a single His at position 6, and
proIAPP1-30 contains a second His at residue 29. The pH-
dependent affinity is consistent with one or both of these
histidines playing a role in the binding interaction. Com-
parison of the 1-22 fragment at pH 5.5 ((0.3) and 7.4
((0.3) implicates a role for His-6 and/or the N-terminus.
Comparison of the 1-22 fragment to the longer 1-30
fragment at pH 5.5 ((0.3) in turn also implicates a role for

FIGURE 2: Heparin affinity of oxidized and reduced proIAPP1-22
and proIAPP1-30 at pH 7.4 ((0.3). (A) Elution profile of oxidized
and reduced proIAPP1-22. (B) Elution profile of oxidized and
reduced proIAPP1-30. Approximately 0.5-2.0 mg of peptide was
dissolved in the appropriate buffer and loaded onto the column.
The column was washed with 5 column volumes of 20 mM Tris-
HCl at pH 7.4 ((0.3). A 0-1 M NaCl gradient was developed, 5
mL fractions were collected, and absorbance was measured at 220
nm to yield elution profiles. The difference in intensity reflects
differences in loading concentration.

FIGURE 3: Heparin affinity of oxidized and reduced proIAPP1-22
and proIAPP1-30 at pH 5.5 ((0.3). (A) Elution profile of oxidized
and reduced proIAPP1-22. (B) Elution profile of oxidized and
reduced proIAPP1-30. Approximately 0.5-2.0 mg of peptide was
dissolved in the appropriate buffer and loaded onto the column.
The column was washed with 5 column volumes of 20 mM Tris-
HCl at pH 7.4 ((0.3). A 0-1 M NaCl gradient was developed, 5
mL fractions were collected, and absorbance was measured at 220
nm to yield elution profiles. The difference in intensity reflects
differences in loading concentration.
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His-29, since the affinity of proIAPP1-30 at pH 5.5 ((0.3)
is greater than that of proIAPP1-22 at pH 5.5 ((0.3). His-29
is the only titratable residue and the only charged residue
between positions 23 and 30 and is thus responsible for the
tighter binding. Interestingly, there is no significant difference
between proIAPP1-30 and proIAPP1-22 at pH 7.4 ((0.3). Both
peptides elute at the same solution conductivity within
experimental uncertainty. His-29 is presumably largely
deprotonated at this pH, and the results indicate that the
tighter binding for proIAPP1-30 relative to proIAPP1-22 at
lower pH is due to the additional electrostatic interaction
with the charged histidine, rather than nonelectrostatic
interactions involving the histidine side chain.

ProIAPP1-12 is a smaller peptide that lacks the disulfide
bridge and Arg-22, but contains the tribasic sequence at the
cleavage site. At pH 7.4 ((0.3), proIAPP1-12 elutes at a
conductivity value which is considerably less than that
observed for the longer oxidized proIAPP1-22 fragment but
is close to the value observed for the reduced proIAPP1-22

peptide (Figure 4). As expected, the affinity of the peptide
varies with net charge, and binding is stronger at low pH
(Supporting Information). Although the three basic residues
at positions 10-12 are sufficient to confer binding, the
removal of the disulfide bridge and C-terminal 10 residues
reduces binding significantly. This implies an important role
for the disulfide and Arg-22 in HSPG binding. The oxidized
hIAPP12-22 peptide fragment was also analyzed. This peptide
eluted in the void volume at both pH 5.5 ((0.3) and pH 7.4
((0.3). This demonstrates that the sequence encompassing
Lys-22 and Arg-22 is not sufficient to lead to binding in the
absence of the basic amino acids at positions 10 and 11. Of
the fragments studied, proIAPP1-12 contains the minimal
residues necessary, i.e., Lys10-Arg11-Lys12, to confer binding
to heparin.

Heparan Binding Is Not Due to Amyloid Formation. It is
necessary to determine whether these N-terminal proIAPP
peptides form amyloid in order to test if aggregation
contributes to heparin binding. This is important because it

is thought that HSPG binding by mature IAPP is due to
aggregation (28, 35). Prior work has demonstrated that

FIGURE 4: Heparin affinity of N-terminal proIAPP fragments.
Elution profiles of proIAPP1-12 (dashed line) versus oxidized
proIAPP1-22 (solid line) at pH 7.4 ((0.3). Approximately 0.5-2
mg of peptide was dissolved in the appropriate buffer and loaded
onto the column. The column was washed with 5 column volumes
of 20 mM Tris-HCl at pH 7.4 ((0.3). A 0-1 M NaCl gradient
was developed, 5 mL fractions were collected, and absorbance was
measured at 220 nm to yield elution profiles. The difference in
intensity reflects differences in loading concentration.

FIGURE 5: Thioflavin-T binding fluorescence of proIAPP1-30 at
pH 7.4 ((0.3). (A) Oxidized proIAPP1-30 (Ox) incubated with (solid
lines) and without (dashed lines) heparan sulfate. (B) Oxidized (solid
lines) and reduced (Red) (dashed lines) proIAPP1-30 incubated with
heparan sulfate. Spectra were taken after 6 days of incubation at
1.4 mM peptide concentration and 25°C. Samples were diluted
immediately before recording the emission spectra since the 1.4
mM stock solution is too concentrated for fluorescence measure-
ments. The final peptide concentration was 70.7µM after dilution.

FIGURE 6: Thioflavin-T fluorescence intensity of proIAPP1-30 at
pH 7.4 ((0.3) plotted as a function of time. Oxidized (b) and
reduced (2) proIAPP1-30 incubated with heparan sulfate. Oxidized
(O) and reduced (4) proIAPP1-30 incubated without heparan sulfate.
Spectra were taken after 3, 6, 59, and 89 days of incubation at 1.4
mM peptide concentration and 25°C. Samples were diluted
immediately before recording the emission spectra since the 1.4
mM stock solution is too concentrated for fluorescence measure-
ments. The final peptide concentration was 70.7µM after dilution.
The lines are included as a visual aid and have no theoretical
significance.
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N-terminal and C-terminal cleavage regions of proIAPP are
very soluble, unstructured in solution, and do not form
amyloid fibrils (38). It has been suggested that the first seven
residues at the N-terminus of mature IAPP are not amyl-
oidogenic, most likely due to steric constraints imposed on
the peptide backbone by the disulfide bridge. The disulfide
bridge is believed not to be part of the structured amyloid
core of IAPP (39-41), although it is conserved in all species
and is necessary for biological activity of IAPP (41). Park
and Verchere have previously shown that proIAPP1-30 does
not form amyloid (36). Taken together, these past studies
strongly suggest that the N-terminal proIAPP-derived pep-
tides studied here should not form amyloid. Nevertheless, it
is important to directly test the ability of our fragments to
form amyloid as a control.

Thioflavin-T binding studies show that both the oxidized
and reduced forms of proIAPP1-30 do not form amyloid even
after 6 days of incubation (Figures 5 and 6). These results
were confirmed by TEM (Figure 7). In addition, we also
tested oxidized and reduced proIAPP1-22 by TEM. Samples
(5 mM) were prepared in deionized water at pH 7.4 ((0.3),
and TEM images were recorded. No amyloid fibrils were
detected. These experiments demonstrate that the heparin/
heparan sulfate affinity for these N-terminal proIAPP pep-
tides is not due to amyloid formation since the binding

studies were preformed immediately after preparing the
peptide solutions.

Interaction with Heparan Sulfate Promotes Fibril Forma-
tion. We tested the ability of heparan sulfate to enhance
amyloid formation at extracellular pH. Incubation of
proIAPP1-30 with heparan sulfate had a dramatic effect,
leading to amyloid formation. Thioflavin-T binding studies
of ox-proIAPP1-30/HSPG displayed the characteristic increase
in fluorescence around 482 nm that is associated with
amyloid formation (Figure 5). In contrast, no detectable
fluorescence signal in this region was observed for either
heparan sulfate alone or peptide alone. The thioflavin-T
fluorescence intensity of the ox-proIAPP1-30/HSPG sample
first increased with time and then gradually decreased. The
fluorescence intensity after 6 days was smaller for the red-
proIAPP1-30/HSPG sample but continued to grow with time
(Figure 6). After 58 days the fluorescence signal was the
same for both the reduced and oxidized samples incubated
with heparan sulfate. At even longer incubation times the
signal from the red-proIAPP1-30/HSPG sample was larger
than the signal from the ox-proIAPP1-30/HSPG sample. In
contrast, incubation of ox-proIAPP1-30 or red-proIAPP1-30,
in the absence of HSPG, did not lead to any significant gain
in thioflavin-T binding even after 89 days of incubation
(Figure 6). TEM studies are consistent with the thioflavin-T

FIGURE 7: TEM images of 1.4 mM proIAPP1-30 incubated for 6 days at pH 7.4 ((0.3). (A) Oxidized proIAPP1-30. (B) Reduced proIAPP1-30.
(C) Oxidized proIAPP1-30 incubated with heparan sulfate. (D) Reduced proIAPP1-30 incubated with heparan sulfate. Scale bars represent
100 nm.
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binding experiments. Measurements were made with the
stock solutions employed for the thioflavin-T binding studies
in order to allow direct comparison (see Experimental
Procedures). In the presence of heparan sulfate, fibrils were
observed for both the reduced and oxidized peptides. After
6 days of incubation, long and narrow fibrils were observed
for ox-proIAPP1-30/HSPG (Figure 7C and Supporting In-
formation). The fibrils, although not plentiful, have the
appearance of amyloid. The fibrils appear to originate from
particles of densely stained amorphous material. TEM images
of samples containing only heparan sulfate show the same
heavily stained particles, indicating that the deposits are
heparan sulfate (Supporting Information). These deposits
were not observed in samples lacking heparan sulfate. Sparse
fibrils were also observed for red-proIAPP1-30/HSPG after
6 days of incubation. Again, the fibrils seem to originate
from the densely stained heparan sulfate. In stark contrast,
the peptide samples incubated in the absence of heparan
sulfate did not display any evidence of fibril formation after
6 days. These observations highlight the role of heparan
binding in amyloid formation by both oxidized and reduced
proIAPP1-30. Interestingly, while significantly more fibrils
were observed for ox-proIAPP1-30/HSPG than red-
proIAPP1-30/HSPG after 6 days of incubation, the situation
was dramatically different after 89 days. A very large number
of fibrils were detected for red-proIAPP1-30/HSPG, while
ox-proIAPP1-30/HSPG displayed a more modest amount of
fibrils (Figure 8). Furthermore, the fibrils observed for ox-
proIAPP1-30/HSPG appeared to be shorter and more laterally

associated than those observed at the earlier time point. The
red-proIAPP1-30 sample in the absence of HSPG failed to
form fibrils even after 89 days at extracellular pH. Small
spherical aggregates were observed. The ox-proIAPP1-30

sample, however, showed evidence for small prefibrillar
aggregates after 89 days under the same conditions (Figure
8).

Interestingly, the interaction of oxidized proIAPP1-30 with
heparan sulfate led to a detectable change in the peptide CD
spectrum. The spectrum of peptide alone is consistent with
a predominantly unstructured ensemble of conformations. In
contrast, the CD signal indicates induction of apparent helical
structure in the presence of heparan sulfate (Figure 9).
However, the CD spectra of amyloid fibrils and prefibrillar
aggregates are not well understood and can be difficult to
interpret. The important point is that the CD studies provide
additional evidence for stronger interactions between HSPG
and oxidized peptide compared to HSPG interactions with
the reduced peptide. We note that helical precursors have
been proposed to play a role in amyloid formation by the
Aâ peptide (42).

Interactions with heparan sulfate also induced amyloid
formation in concentrated samples of proIAPP1-22. Sparse
fibrils were visualized by TEM within 24 h of sample
preparation at pH 7.4 ((0.3). Initially, there were no
significant differences in the quantity or morphology of the
fibrils detected in the presence of heparan sulfate compared
to those observed in the absence of heparan sulfate. After 9
days of incubation, however, an abundance of fibrillar

FIGURE 8: TEM of 1.4 mM proIAPP1-30 incubated for 89 days at pH 7.4 ((0.3). (A) Oxidized proIAPP1-30. (B) Reduced proIAPP1-30. (C)
Oxidized proIAPP1-30 incubated with heparan sulfate. (D) Reduced proIAPP1-30 incubated with heparan sulfate. Scale bars represent 100
nm.
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aggregates was present for the sample which contained
heparan, but no change was observed for the sample that
contained just peptide (Supporting Information). Similar
results were obtained for reduced proIAPP1-22.

CONCLUSIONS

The biophysical studies described in the previous sections
demonstrate several important points. First, incubation with
heparan sulfate enhances fibril formation by both proIAPP1-22

and proIAPP1-30. This provides the first direct evidence that
interactions with HSPGs can induce amyloid formation in
incorrectly processed IAPP and demonstrates a potential role
for HSPGs in IAPP amyloidosis. Second, we find that the
disulfide bridge plays a key role in HSPG binding. This may
be because the disulfide linkage between Cys-13 to Cys-18
creates a turn or bend that brings His-18, Arg-22, and His-
29 in closer proximity to Lys10-Arg11-Lys12 and enhances
heparin affinity. There are no structural data for monomeric
IAPP; thus it is impossible to determine the conformational
consequences of reducing the disulfide. However, IAPP is
somewhat similar to human calcitonin gene-related peptide
(CGRP) for which a NMR structure is available (43). The
N-terminal region of human CGRP and IAPP contains a

disulfide bridge at identical positions. Structural studies of
CGRP indicate the presence of an ordered loop in this region
(43). Third, comparison of proIAPP1-22 and proIAPP1-30

shows that His-29 contributes to binding when it is proto-
nated (pH 5.5) but does not make a significant contribution
when it is deprotonated (pH 7.4). Sequence analysis of
suggested heparin binding sites in amyloid-forming peptides,
namely, Aâ, serum amyloid A, prion protein, andâ-2-
microglobulin, has identified a higher histidine content
relative to heparin binding sites in nonamyloidogenic proteins
(27). Our experiments demonstrate a significant correlation
between histidine protonation and heparin affinity for all of
the proIAPP fragments studied that contain histidine. It has
been proposed that the HSPG perlecan may acidify the local
microenvironment of the basement membrane because it is
a rather acidic heteropolysaccharide (27). If so, this might
promote protonation of the histidines and the N-terminus.
In addition, HSPG synthesis in type 2 diabetes is believed
to be elevated due to increased levels of perlecan mRNA
(44). Thus, the effects of HSPG’s on the charge states of
the peptides might be significant. Fourth, both the proIAPP1-22

and proIAPP1-30 peptides bind heparin considerably more
tightly than the proIAPP1-12 peptide at both pH 7.4 ((0.3)
and pH 5.5 ((0.3). This indicates that while the tribasic
sequence at the prohormone convertase cleavage site is
necessary for strong binding, it is not sufficient, at least under
these conditions.

The TEM and thioflavin-T binding studies of the oxidized
and reduced proIAPP1-30 peptide in the presence of heparan
sulfate reveal several interesting features. These experiments
show that while red-proIAPP1-30/HSPG is slower to form
fibrils, it ultimately forms more extensive fibril deposits. The
TEM micrographs also reveal clear differences in the final
morphology of the fibrils formed by the oxidized and reduced
peptides in the presence of heparan sulfate. The Cys-13 to
Cys-18 disulfide forces that region of the polypeptide chain
to adopt conformations that are incompatible with theâ-sheet
structure required in the cross-â motif of an amyloid fibril.
Thus, the more extensive fibrils ultimately observed for red-
proIAPP1-30/HSPG may reflect the fact that a greater fraction
of the peptide chain can participate in the amyloid fibril,
which in turn could lead to better packing and more stable
fibrils. Interestingly, the decrease in thioflavin-T fluorescence
for ox-proIAPP1-30/HSPG after 6 days of incubation cor-
relates well with the clear morphological differences observed
at 6 days and at 89 days in TEM micrographs (Figures 7
and 8). The rodlike fibrils that were present after 6 days of
incubation appear to have fragmented by 89 days and
laterally associated into thick clumps of short fibrillar
structures with frayed ends. One mechanistic scenario that
can rationalize these observations is that fibril formation is
initially faster for ox-proIAPP1-30/HSPG because the peptide
is better able to interact with heparan sulfate. The resulting
fibrils are, however, less stable because the Cys-13 to Cys-
18 disulfide prevents extensive interstrand interactions. As
the fibrils elongate, they become unstable and fragment. The
resulting fragments then laterally associate, leading to the
aggregates observed by TEM at the end of the time course.
In contrast, reduced proIAPP1-30 interacts more weakly with
heparan sulfate, and initial amyloid formation is thus slower.
However, the absence of the disulfide allows for more
extensive interstrand interactions leading to more stable and

FIGURE 9: Far-UV CD spectra of proIAPP1-30 at pH 7.4 ((0.3).
(A) Oxidized proIAPP1-30 (Ox) incubated with (solid lines) and
without (dashed lines) heparan sulfate. (B) Oxidized (solid lines)
and reduced (Red) (dashed lines) proIAPP1-30 incubated with
heparan sulfate. Spectra were taken after 6 days of incubation at
1.4 mM peptide concentration and 25°C. Samples were diluted
immediately before recording the spectra since the peptide stock
solutions were too concentrated for CD measurement. The final
peptide concentration after dilution was 70.7µM.
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ultimately longer fibrils. Irrespective of the mechanistic
details, it is clear that interactions with heparan sulfate
enhance fibril formation by both oxidized and reduced
proIAPP1-30.

The N-terminus of IAPP has been typically overlooked
in studies of the mechanism of amyloid formation by IAPP
because it is believed not to contribute to the core structure
of amyloid (41). With recent reports that the proIAPP
N-terminal flanking region is uncleaved in a fraction of
excreted IAPP in type 2 diabetes, it is important to reevaluate
the role of this region in amyloidogenesis. Our studies build
upon the important earlier studies of Park and Verchere and
have demonstrated that fragments corresponding to the first
22 and first 30 residues of proIAPP are largely nonamy-
loidogenic in isolation but are capable of forming amyloid
fibrils upon interaction with heparan sulfate. These observa-
tions indicate that heparan sulfate binding could promote
amyloid formation by partially processed proIAPP. This in
turn might act as a seed for further amyloid deposition by
both IAPP and proIAPP.

Recent investigations have demonstrated that polypeptide-
heparin/heparan sulfate interactions are fundamental to
amyloidosis and thus are potential drug targets (45). For
example, a 27-mer peptide fragment modeled after the
heparin binding site in serum amyloid A polypeptide (SAA)
was evaluated and found to effectively block the interaction
of the full-length SAA with HSPGs (45). Accumulating
evidence indicates the HSPGs may serve as scaffolds,
providing an initiation site for amyloid accumulation, and
may modulate cytotoxicity by mediating the interaction of
amyloid with the cell membrane. The studies reported here
should be valuable for designing potential inhibitors of the
HSPG/proIAPP interaction.
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Plot of conductivity versus absorbance showing the elution
profiles for proIAPP1-12 from the heparin-affinity column
at pH 3.4 ((0.3), 5.5 ((0.3), and 7.4 ((0.3), TEM
micrographs of oxidized proIAPP1-22 in the presence and
absence of heparan sulfate at pH 7.4 ((0.3), and TEM
micrograph of a sample of heparan sulfate collected in the
absence of peptide. This material is available free of charge
via the Internet at http://pubs.acs.org.
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